Inflammatory bowel disease (IBD) is a chronic disorder of the gastrointestinal tract. Although the etiology and pathogenesis of IBD remain unknown, pro-inflammatory cytokines including IFN-g play an important role in the development of IBD. Suppressor of cytokine signaling-1 (SOCS-1) is a crucial inhibitor of cytokine signaling, particularly of IFN-g. In this study, we investigated the role of SOCS-1 in the development of murine dextran sulfate sodium (DSS)-induced colitis, a model of colitis resembling human IBD. SOCS-1 heterozygous (SOCS-1 1/2 ) and wild-type (WT) mice were given 3% DSS dissolved in drinking water for 5 days. Activation and expression of signal transducers and activators of transcription (STAT) in colonic tissues were assessed by western blot analysis. The expression of CD4, IFN-g, IL-4, IL-17 and Forkhead box P3 (Foxp3) in colonic lamina propria lymphocytes was analyzed by flow cytometry and cytokine concentrations in serum were measured. DSS-treated SOCS-1 1/2 mice developed more severe colitis than DSS-treated WT mice. Enhanced activation of STAT1, a higher ratio of CD4
Introduction
Inflammatory bowel disease (IBD), consisting of ulcerative colitis (UC) and Crohn's disease (CD), is characterized by chronic inflammation of the gastrointestinal tract. Although the etiology and pathogenesis of IBD have not yet been identified, an inappropriate and ongoing activation of the mucosal immune system has been found to play an important role in the pathogenesis of chronic mucosal inflammation (1, 2) . The levels of pro-inflammatory cytokines such as IFN-c, tumor necrosis factor-a (TNF-a), IL-1 and IL-6 are elevated in the inflamed mucosa of patients with IBD, thus disturbing the balance between pro-inflammatory and antiinflammatory cytokines (2) (3) (4) . Cytokines play an important role in the progression of IBD, and mAbs against proinflammatory cytokines or their receptors such as TNF-a, IL-6, IL-12 and IFN-c have recently been shown to be effective in the treatment of IBD (5) (6) (7) (8) (9) (10) .
Suppressor of cytokine signaling-1 (SOCS-1) is a negative feedback molecule for cytokine signaling (11) (12) (13) . SOCS-1 inhibits the Janus kinase (JAK)/signal transducers and activators of transcription (STAT)-signaling pathway by directly binding to JAK and negatively regulates cytokine signaling such as that of IFN-c, IL-4 and IL-6 (14, 15) . SOCS-1 knockout (SOCS-1 À/À ) mice develop growth retardation, thymic atrophy, fulminant hepatitis and multi-organ failure with severe inflammation, and all die within 3 weeks after birth (16) . SOCS-1/IFN-c double-knockout (SOCS-1
) mice, on the other hand, remain free from these severe pathological changes (17, 18) . This indicated that SOCS-1 is a crucial inhibitor of IFN-c in vivo.
Dextran sulfate sodium (DSS)-induced colitis in mice is a model of colitis resembling human UC. Mice exposed to DSS in drinking water develop the inflammation only in the large intestine and show signs such as diarrhea, hematochezia and body weight loss and histological findings such as inflammatory cell infiltration, erosions, ulcers and crypt abscesses (19, 20) . Increased production of pro-inflammatory cytokines including IFN-c, TNF-a, IL-1, IL-6, IL-12 and IL-17 has been found in the colon of mice with DSS-induced colitis (21, 22) .
In our study, we compared DSS-induced colitis in SOCS-1 heterozygous (SOCS-1 +/À ) mice with that in wild-type (WT) mice to investigate the role of SOCS-1 in colonic inflammation.
Methods

Mice
SOCS-1
+/À mice were established and backcrossed more than seven generations on a C57BL/6 background as described previously (16, 23) . SOCS-1 +/À mice were mated with WT C57BL/6 mice to produce SOCS-1 +/À mice and WT littermates for the experiments. In the experiments involving DSS-induced colitis, 7-to 8-week old sex-matched SOCS-1 +/À mice and WT littermates were used unless specified otherwise. Lck-cre SOCS-1 flox/flox (T cell-specific SOCS-1-conditional knockout) (24) and SOCS-1 flox/flox (littermate control) mice (sex matched) were used when they were 21 weeks old. SOCS-1 À/À IFN-c À/À (18) and IFN-c À/À mice were obtained by intercrossing SOCS-1 +/À parents and these sex-matched mice were used when they were 12-16 weeks old. SOCS-1 +/À , SOCS-1 À/À IFN-c À/À , IFN-c À/À and WT mice were housed in specific pathogen-free conditions unless specified otherwise, while Lck-cre SOCS-1 flox/flox and SOCS-1 flox/flox mice were housed in conventional conditions.
Induction of colitis
For induction of colitis, SOCS-1 +/À mice and WT littermates were given 3% DSS (m/w 36 000-50 000; MP Biomedicals, Solon, OH, USA) dissolved in drinking water provided ad libitum for 5 days, followed by provision of ordinary water for 9 days. In some experiments, SOCS-1 +/À and WT mice were treated with 4% DSS for 7 days and followed up for 7 days. SOCS-1 +/À and WT control mice received only ordinary water without DSS.
Lck-cre SOCS-1 flox/flox and SOCS-1 flox/flox mice were treated with 3% DSS for 3 days, followed by ordinary water for 4 days.
Assessment of severity of DSS-induced colitis
SOCS-1
+/À and WT mice were weighed daily from day 0 to day 13, and Lck-cre SOCS-1 flox/flox and SOCS-1 flox/flox mice from day 0 to day 6. Changes in body weight were calculated as follows: body weight change (%) = [(weight on a given day (days 0-13) À weight on day 0)/weight on day 0] 3 100. The length from the ileocecal junction to the rectum of SOCS-1 +/À and WT mice was also measured as a marker of the severity of colitis.
Histological scoring
The entire colon of the SOCS-1 +/À and WT mice was removed from the cecum to the rectum, opened longitudinally and washed with PBS. The entire colon was then fixed with 10% formalin, embedded in paraffin and sliced into 3-lmthick sections. The sections were stained with hematoxylin and eosin and scored in a blinded manner by two pathologists working independently and using a scoring method described previously (25) ( Table 1 ). In brief, the sections were graded as to inflammation severity, inflammation extent and crypt damage as shown in Table 1 . Each of these grades was also scored as to the percent involvement. Each subscore (inflammation severity score, inflammation extent score and crypt damage score) was the product of the grade multiplied by the percent involvement. Total colitis score was calculated as the sum of three subscores. Minimum total colitis score was 0 and maximum total colitis score was 40.
Western blot analysis
After DSS-treated SOCS-1 +/À and WT mice were sacrificed on day 14, the colon was removed from each mouse. The distal third of the colon was used for western blot analysis because this segment is most severely affected in DSSinduced colitis (19) . Colonic tissues were homogenized in ice-cold lysis buffer as described previously (26) , and the supernatants were used as colonic lysates, which were separated on SDS-PAGE and transferred to polyvinylidene difluoride membranes. The membranes were then probed with the following antibodies: anti-phospho-STAT1, antiphospho-STAT3, anti-phospho-STAT6 (Cell Signaling, Beverly, MA, USA) and glyceraldehyde-3-phosphate dehydrogenase (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and then reprobed with the following antibodies: anti-STAT1, anti-STAT3, and anti-STA6 (Santa Cruz Biotechnology).
Isolation of lamina propria lymphocytes from the colon
Lamina propria lymphocytes (LPLs) were isolated from the entire colon of SOCS-1 +/À and WT mice as described previously (27) . In brief, the entire colon, cut into 1-cm segments, was treated with PBS containing 10% FCS, 20 mM HEPES, 100 U ml À1 penicillin, 100 lg ml À1 streptomycin, 1 mM sodium pyruvate, 10 mM EDTA and 10 lg ml À1 polymyxin B for 20 min at 37°C to remove epithelial cells, and then washed extensively with PBS. The colon segments were digested with 400 Mandl U ml À1 Collagenase D (Roche, Mannheim, Germany) and 10 lg ml À1 DNase I (Roche) in RPMI 1640 containing 10% FCS while being stirred for 30 min at 37°C. EDTA was added (10 mM final concentration) and the digested tissues were incubated for 5 min at 37°C. The tissues were then passed through a nylon mesh (100 lm) and isolated cells were re-suspended in 75% Percoll (GE Healthcare Bio-Sciences, Uppsala, Sweden). This was followed by layering of 40% Percoll onto the cell suspension in 75% Percoll and centrifugation at 2000 r.p.m. for 20 min and the lymphocyte-enriched population was recovered from the interface. The isolated LPLs were used for flow cytometry analysis.
Flow cytometry analysis
The isolated colonic LPLs from SOCS-1 +/À and WT mice were stained with PerCP-Cy5.5-conjugated anti-CD4 (BD PharMingen, San Jose, CA, USA), FITC-conjugated anti-IFN-c (BioLegend, San Diego, CA, USA), APC-conjugated anti-IL-4 (eBioscience, San Diego, CA, USA), PE-conjugated anti-IL-17 (BD PharMingen) and APC-conjugated antiForkhead box P3 (Foxp3) (eBioscience). After stimulation of the cell suspension with 50 ng ml À1 phorbol myristate acetate (Sigma, St Louis, MO, USA) and 750 ng ml À1 ionomycin (Calbiochem, San Diego, CA, USA) for 3 h in the presence of 3 lM monensin (Sigma), intracellular cytokine staining was performed according to the manufacturer's instructions (BD PharMingen). Staining for Foxp3 was performed by using the Foxp3 staining kit from eBioscience. Finally, the stained LPLs were analyzed on a FACSCanto (BD Biosciences, Franklin Lakes, NJ, USA) using FlowJo software (Tree Star, Ashland, OR, USA).
Measurement of cytokine concentration in serum
Blood was collected from SOCS-1 +/À and WT mice by cardiac puncture under anesthesia and the serum was separated by centrifugation and stored at À30°C until used for analysis. IFN-c, TNF-a, IL-4, IL-6 and IL-17 concentrations in serum were measured with the Bio-Plex system (BioRad, Hercules, CA, USA) according to the manufacturer's instructions.
IFN-c concentrations in sera of Lck-cre SOCS-1 flox/flox and SOCS-1 flox/flox mice were measured by ELISA (eBioscience) according to the manufacturer's instructions on day 7 after DSS administration.
Cell preparations
Single-cell suspensions were obtained from lymphoid organs of SOCS-1 À/À IFN-c À/À and IFN-c À/À mice as described previously (26) . To obtain naive CD4 + T cells, splenocytes and lymph node cells were labeled with CD4 MicroBeads (Miltenyi BioTec, Bergisch-Gladbach, Germany) and positively selected with MS+ columns according to the manufacturer's instructions. Enriched CD4 + cells were further labeled with PerCP-Cy5.5-conjugated anti-CD4, FITC-conjugated anti-CD62L (BD Biosciences) and PE-conjugated anti-CD25 (eBioscience) and CD4 + CD62L + CD25 À populations were obtained with a FACSAria cell sorter (BD Biosciences). The purity of these naive CD4 + T cells was routinely >95%.
Cell cultures
mice were cultured in RPMI 1640 supplemented with 10% FCS, 2-mercaptoethanol, penicillin G and streptomycin. CD4 + T cells were stimulated with plate-bound anti-CD3e (1 lg ml
À1
; BD Biosciences) and anti-CD28 (5 lg ml
; BD Biosciences). Where indicated, human transforming growth factor-b (TGF-b) (1 ng ml
; PeproTech, London, UK), murine IL-6 (20 ng ml
, PeproTech) and murine IFN-c (20 ng ml À1 , PeproTech) were added to the culture. After 3 days, the cells were harvested, stained with FITC-conjugated antiFoxp3 (eBioscience) and analyzed on a FACSCanto (BD Biosciences) using FlowJo software (Tree Star).
Statistical analysis
Data are expressed as mean 6 SD. For comparison of survival rates in DSS-treated groups, the Kaplan-Meier analysis and the log-rank test were used. Other data were analyzed with Student's t-test. A P value <0.05 was considered statistically significant.
Results
SOCS-1
+/À mice developed more severe colitis than WT mice after DSS administration
In initial studies that we performed using 10-to 12-week-old and sex-matched SOCS-1 +/À mice and WT littermates under conventional conditions, the survival rate of SOCS-1 +/À mice was significantly lower than that of WT mice after administration with 4% DSS for 7 days, and all SOCS-1 +/À mice died during recovery phase (day 14; P < 0.05; Fig. 1A) .
Thus, 3% DSS for 5 days was determined as the optimal dose in the present study. All SOCS-1 +/À and WT mice survived during 5 days of treatment with 3% DSS, but the survival rate of SOCS-1 +/À mice was lower, but not significantly, than that of WT mice even with this treatment (day 14; P = 0.58; Fig. 1B ). Body weight loss was significantly greater in DSS-treated SOCS-1 +/À mice than in DSS-treated WT mice (day 13; P < 0.05; Fig. 1C ). On the other hand, body weight loss was observed in neither untreated WT nor SOCS-1 +/À mice (data not shown). The colon length of DSS-treated SOCS-1 +/À mice was significantly shorter than that of DSStreated WT mice on day 14 (P < 0.001; Fig. 2 ), while there was no significant difference in colon length between untreated WT and SOCS-1 +/À mice. DSS-induced colitis in mice is characterized by infiltration of inflammatory cells such as neutrophils and lymphocytes, as well as by erosions, ulcers and crypt destruction in the colon (19, 20) . Figure 3(A) shows representative histological appearances of the colons in WT and SOCS-1 +/À mice with DSS-induced colitis on day 14. More extensive inflammation and more severe destruction of the mucosal glandular architecture were observed in colonic tissues of DSS-treated SOCS-1 +/À mice than in DSS-treated WT mice. Whereas both untreated WT and SOCS-1 +/À mice showed little histological evidence of colonic inflammation (data not shown) and low histological scores (Fig. 3B) , the mean histological score for total colitis was significantly higher for DSS-treated SOCS-1 +/À mice than for DSS-treated WT mice (P < 0.005; Fig. 3C ).
Enhanced activation of STAT1 in SOCS-1 +/À mice with DSS-induced colitis
In previously reported studies, STAT1 and STAT3 were activated in the colon of human IBD and murine colitis models (28) (29) (30) (31) . We assessed the activation and expression of STAT1, STAT3 and STAT6 in the colon of DSS-treated mice by using western blot analysis (Fig. 4) . It is well known that SOCS-1 is a crucial inhibitor of IFN-c/STAT1 signaling (14) . Expectedly, strong activation and enhanced expression of STAT1 were observed in DSS-treated SOCS-1 +/À mice compared with DSS-treated WT mice. Though STAT3 was strongly activated in DSS-treated SOCS-1 +/À mice, DSS-treated WT mice which developed severe colitis also exhibited strong activation of STAT3. On the other hand, activation of STAT6 was very weak in both DSS-treated WT and SOCS-1 +/À mice without any significant difference between the two groups. These results suggest that the enhanced STAT1 signaling in the colon is mainly responsible for the exacerbation of colitis in DSS-treated SOCS-1 +/À mice.
LPLs isolated from DSS-treated SOCS-1 +/À mice expressed higher level of CD4 + IFN-c + and lower level of CD4 + Foxp3 + than did DSS-treated WT mice
To investigate cytokine production and subsets of CD4 + T cells in the colon, we used flow cytometry analysis to +/À mice (10-12 weeks old and sex matched) after 4% DSS administration for 7 days under conventional conditions in our preliminary studies (n = 8, each group). *P < 0.05 versus DSS-treated WT group on day 14. (B) Cumulative survival curves of WT and SOCS-1 +/À mice (7 weeks old and sex matched) after 3% DSS administration for 5 days under specific pathogen-free conditions in the current study (n = 9, DSS-treated WT group and n = 14, DSS-treated SOCS-1 +/À group). (C) Body weight changes of WT and SOCS-1 +/À mice with DSS-induced colitis in the current study. Data are expressed as mean 6 SD (n = 9, DSS-treated WT group and n = 14, DSS-treated SOCS-1 +/À group). **P < 0.05 versus DSStreated WT group on day 13.
Fig. 2. The colon length of WT and SOCS-1
+/À mice before (day 0) and after DSS administration (day 14). Data are expressed as mean 6 SD (n = 7, untreated WT group, untreated SOCS-1 +/À group and DSStreated WT group; n = 9, DSS-treated SOCS-1 +/À group); *P < 0.005 and **P < 0.001. Fig. 6A ). Serum IL-6 levels were also significantly higher in DSS-treated SOCS-1 +/À than in DSS-treated WT or untreated SOCS-1 +/À mice (P < 0.05, respectively; Fig. 6B ). On day 14, no significant difference was observed between the serum level of IFN-c or IL-6 of untreated and DSS-treated WT mice (Fig. 6A and B) nor were there any significant differences in IL-4, IL-17 or TNF-a serum levels among the four groups (data not shown).
T cell-specific SOCS-1 deletion resulted in development of more severe DSS-induced colitis
To investigate in which cell types the protective role of SOCS-1 is important, we compared DSS-induced colitis in +/À mice on day 14 after DSS administration. Data are expressed as mean 6 SD (n = 7, DSS-treated WT group and n = 9, DSS-treated SOCS-1 +/À group); *P < 0.005. and IFN-c À/À mice and cultured them in the presence of these factors. As reported previously, Foxp3
+ Treg cells are induced by this culture system and this induction was potently inhibited by IL-6 in both cell types (Fig. 8) . In contrast, IFN-c potently inhibited Treg cell generation from naive CD4 
IL-17
+ and CD4 + Foxp3 + cells among total LP CD4 + cells in each group. Data are expressed as mean 6 SD (n = 3, untreated WT and SOCS-1 +/À groups and n = 5, DSS-treated WT and SOCS-1 +/À groups); *P < 0.05, **P < 0.01 and ***P < 0.005.
T cells of the SOCS-1 À/À IFN-c À/À mice, while IFN-c had a slightly suppressive effect on Treg cell generation from IFN-c À/À mice (Fig. 8) . In general, SOCS-1 is considered as a crucial inhibitor of IFN-c/STAT1, but not IL-6/STAT3 signaling, because IL-6/STAT3 signaling is specifically inhibited by SOCS-3 in SOCS-1 À/À mice (14) . Therefore, these results suggest that SOCS-1 regulates Treg cell differentiation by inhibiting IFN-c, but not IL-6 signaling, though both IFN-c and IL-6 prevent the differentiation of Foxp3 + Treg cells. In addition, this supports the notion that DSS-treated SOCS-1 +/À mice show the low frequency of Treg cells in the colonic LP due to dysregulation of IFN-c, but not IL-6 signaling, compared with DSS-treated WT mice.
Discussion
According to recent reports, SOCS-1 regulates both IFN-c and IL-4 in TCRa knockout (TCRa À/À ) mice which spontaneously develop colitis (31, 33) . In the study presented here, we investigated the role of SOCS-1 in murine DSS-induced colitis, a distinct model of colitis resembling human UC (19) .
Although the etiology and pathogenesis of IBD remain unknown, it is known that cytokines play an important role in disease progression (1, 2) . Increased levels of pro-inflammatory cytokines such as IFN-c, TNF-a and IL-6 have been detected in the colon of patients with IBD and mice with DSS-induced colitis (2-4, 21, 22) , while several recent studies have shown that STAT1 and STAT3 are activated in the colon of human IBD and murine colitis models (28) (29) (30) (31) . It has also been demonstrated that the activation of STAT1 and STAT3 is enhanced in inflamed tissues of both UC and CD patients and that the activation of STAT3 strongly correlates with the degree of inflammation (29, 30) . Activation of STAT3 has been identified in various models of colitis such as DSS-induced colitis, TCRa À/À mice and IL-10 À/À mice, and good correlation has been established between the levels of STAT3 phosphorylation and the severity of colitis (28) . However, a relationship between levels of STAT1 in the colon and severity of DSS-induced colitis has not yet been clarified. In our study, STAT3 was strongly activated not only in DSS-treated SOCS-1 +/À mice but also in DSS-treated WT mice which developed severe colitis, and the levels of STAT3 phosphorylation increased in parallel with the severity of colitis. We further think that the elevated levels of serum IL-6 in DSS-treated SOCS-1 +/À mice during the recovery period may be also due to the development of severe colitis. In contrast, strong activation of STAT1 was shown only in DSStreated SOCS-1 +/À mice, whereas STAT1 phosphorylation was very low level in DSS-treated WT mice. This result suggests that enhanced IFN-c/STAT1 signaling in the colon exacerbates DSS-induced colitis and that SOCS-1 +/À mice develop more severe colitis due to dysregulation of IFN-c/ STAT1 signaling, compared with WT mice. We also detected accumulation of CD4 + T cells, which produce IFN-c in the colon, as well as elevation of IFN-c concentrations in sera of DSS-treated SOCS-1 +/À mice during the recovery period. On the other hand, there was no significant difference in IL-4 or IL-17 signaling between WT and SOCS-1 +/À mice either before or after DSS administration. Furthermore, Lck-cre SOCS-1 flox/flox mice devoid of SOCS-1 in T cells developed more severe colitis than SOCS-1 flox/flox control mice after DSS administration. Our results indicate that SOCS-1, particularly in T cells, inhibits mainly IFN-c, but not IL-4 or IL-17 signaling in mice with DSS-induced colitis and plays an important role in preventing the development of colitis. Recent studies have reported that fontolizumab, a humanized anti-IFN-c antibody, was effective in the treatment of patients with active CD (9, 10) . This suggests that SOCS-1, the main inhibitor of the IFN-c signaling, may be useful in the treatment of IBD.
In addition, we investigated the frequency of Treg cell occurrence in the colonic LP of WT and SOCS-1 +/À mice before and after DSS administration by using Foxp3, which is a specific marker of these cells (34) (35) (36) 
CD25
+ Treg cells and plays a key role in their development and function (34) (35) (36) . Recent studies have shown that Foxp3 + Treg cells accumulate in the inflamed LP of patients with IBD and that Treg cells isolated from the colonic LP of IBD patients have a suppressive effect in vitro (37, 38). In a T cell transfer model of IBD, Treg cells were found to accumulate in the colonic LP of mice and to be able to reverse established inflammation, which resulted in curing colitis (39). In our study, the proportion of Foxp3 + Treg cells among total LP CD4 + cells was significantly lower in DSS-treated SOCS-1 +/À mice than in DSS-treated WT mice during the recovery period, and the lower ratio of Treg cells in the colonic LP of DSS-treated SOCS-1 +/À mice was also responsible for the aggravation of colitis. We reported previously that SOCS-1 negatively regulates both T h 1 and T h 2 immune responses (40), and we were able to show in the current study that SOCS-1 also regulates Treg cell differentiation by inhibiting IFN-c, but not IL-6 signaling in the experiments for comparing SOCS-1 À/À IFN-c À/À mice with IFN-c À/À mice. Our results suggest that SOCS-1, subsequent to the regulation of Treg cell differentiation, also participates in Treg cell development by regulating IFN-c, but not IL-6 signaling in murine DSS-induced colitis.
In conclusion, our study indicates that enhanced IFN-c/ STAT1 signaling in the colon exacerbates DSS-induced colitis and that SOCS-1, particularly in T cells, prevents the development of DSS-induced colitis by largely inhibiting IFN-c, but not IL-4 or IL-17 signaling and by subsequently regulating Treg cell development. 
